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FOREVCRD

The purpose of this report is to present the results of one of
the resesrch and devel opment prograns which was initiated by the
menbers of the ship Production Conmittee of The Society of Naval
Architects and Marine Engineers and financed largely by governnent
funds through a cost-sharing contract between the U S. Maritinme
Administration and Bethlehem Steel Corporation. The effort of this
project was directed to the devel opnent of inproved nethods and hard-
ware appl i cabl e to shipyard welding inthe U. S. shi pyards.

M. W C Brayton, Bethlehem Steel Corporation, was the Program

Manager; Messsrsl C. M Banas and G T. Peters, United Aircraft.
Resear ch Laboratories, directed the devel opment at East Hartford,
Connecti cut.

Speci al acknow ednent is nade to the menbers of Welding Panel

SP-7 of the SNAMVE Ship Production Committee who served as technica
advisors in the preparation of inquiries and evaluation of subcontract

proposal s.



SUMVARY

An expertinmental |aser welding investigation was conducted on ship steel. This
program was directed toward eval ution of practical aspects of laser welding in tine
shipyard and represents a followon to previous flat-position laser welding tests
conducted under optimum joint cleanliness and fitup conditions. !N the current
program welds were formed between surfaces with nonperfect fitup, between plasma-
cut surfaces, between surfaces deliberately m smatched to provide a varging joint
gap and under out-of-position welding conditions.

It was found that the maxinum joint gap between |/2-inch-thick pieces which
could be effectively bridged by laser welding with filler addition was 1/16 inch.*
A satisfactory single-pass’ weld bead was formed with such a gap at 15 kWand 35 i pm
using 1./16 inch filler wire fed at 150 ipm Acceptable welds were also formed

between plasma arc surfaces which were initially nchine-sanded to remve cut scale.

Qut -of -position weld tests were limted to tee joint configurations; a dual-
pass wel d procedure produced the best results. A I-inch-thick tee joint was effec-
tively welded at 13 kWand 30 ipmin the horizontal position. Tee joints in 3/8-in.-
thick material were forned in the vertical-up and vertical -down position. Wl ds
formed under nominal 6 kW 40 ipm conditions exhibited smoth bead profiles and
relatively smooth fillets. Slight inprovenent in fillet profile was obtained by
modest addition of filler material. No apparent difficulty was experienced with
out -of -position welding provided that conditions leading to a relatively narrow
wel d bead were maintained.

*Author,s note:  Subsequent to the conpletion of this program new techniques were
devel oped which facilitated laser welding with a Q1 in. gap.

'_l



| NTRODUCTI ON

The rapi d devel opment of high-power |aser welding technol ogy (Refs. 1-3)has
suggested its potential utilization for merchant ship construction. Laser welds
have been generated in a variety of materials at relatively high speeds and have
excel | ent mechanical, netallurgical and radiographic characteristics. Dual -pass
Wl dS without filler material have been formed which demonstrate the potential for

joining sections appropriate to ship construction

In a program sponsored by Bethlehem Steel (P.O #1560-1029-1500-T) (Ref. 4),
| aser welds were formed in ship steel of 3/8, 5/8, 3/4, 1.0 and |-1/8 inch thick-
ness. Radi ogr aphi cal | 'y acceptable welds were obtained with a single pass in plate
thi cknesses to 5/8 inch; dual-pass welds were used on thicker material. Sound dual -
pass wel ds were obtained in 3/4inch material; excessive Porosity was noted in |aser
wel ds in thicker sections. Mchanical test of the specinens by Bethl ehem Steel
indicated acceptable weld properties in materiel to 3/4 inch thick.

In addition to the butt welds noted above, tee welds were also formed using
3/8-inch-thick webs and I/2-inch-thick flanges. Conplete fusion of the tee joints
was obtained by using dual passes, one from each side of the tee, each at a |aser
power of 7.5kWand a welding speed of 65ipm For these welds the beam was
inclined at 6°to the flange.

Machi ned mating surfaces were used in the program described in Ref. 4 to
identify capabilities under ideal conditions. |t is clearly understood, however,
that such fitup is out of the question in shipyard operation and that substantia
gaps and plasma- or oxyacetyl ene-cut edges are the rule. The program descri bed
herein was therefore undertaken with the specific objective of identifying |aser
capability for dealing with the practical, aspects of shipyard applications. This
work was undertaken at the request of Bethlehem Steel Corporation under their
Purchase Order #1560-917-1531-W in support of Bethlehem s performance of MARAD

Project SPI-7-805.



EXPERI MANTAL APPARATUS AND PROCEDURE

Laser Facilities

Two |aser units developed at the United Technol ogies Research Center were used
for the tests conducted in this pogram The first is a 10 kW cross-beam system
devel oped under corporate tiding. The unit incorporates unstable oscillator. optics
whi ch provide an output beam which exhibits annular energy profile with a nmagni-
fication ratio (outer-to-inner-diameter ratio) of 2.0.

For 3/8 inch tee welding tests, the beam from the cross-beam |aser was directed
into a focusing mrror and then horizontally onto the weld seam The workpiece was
clanped to a counterweighted table nounted in the vertical plane. [Inert gas shield-
ing of the tee zone was provided with a trailer shield cut to fit the tee
configuration

The second laser unit used in the test program was devel oped under Navy
Contract N60921-70-C 0219 sponsored by the Naval O dnance Systens Command and is
descri bed in detail in The cross-bean systemis equipped with oscillator-
amplifier optics which provide a beamwth a Gaussian energy distribution

An 18-inch-focal-length mrror was used for focusing the beamfor nost tests
conducted with the latter laser. In contrast to the moving workpiece arrangenent
utiltized for the vertical-up and -down tests, the high-power butt and tee weld
tests were conducted with a stationary workpi ece and noving optics. This nmange-
ment is described infRef. 4 jand is felt to nore closely sinulate the manner in

whi ch laser welding would be enployed in a shipyard. The noving focus mrror
systemoffers a total travel length of about eight feet and hence has the capa-
bility for welding relatively large workplaces. Gas shielding for the high-power

tests was provided with a sinple trailer shield and plasm suppressor

Procedure

In butt welds, the effects of joint gap were eval uated using machined mating
surfaces which could be accurately spaced. Plasma-cut surfaces were either wre-
brushed or machi ne-sanded prior to Wlding. The material was degreased, rinsed
with solvent and conpressed air dried. Laser tack welds were formed at- each end of
the joint to prevent separation during welding and to insure proper seam alignment
with the beam

Bead- on-pl ate penetrations were initially formed to establish the applicable
range of weld paraneters for each material thickness. A standard Linde MG wire
feeder with a maximum feed rate of 1200 ipmwas utilized. The wire was directed
into the trailing edge of the weld pool at approxinmately 300 to the material surface.



Due to the rapid solidification of the weld zone, wire placement was critical. The
tolerence on wire feed parameters decreased with increasing wire size: 0.035-, 0.045-

and 0.062-in.-diameter wire was used.

For tee section welding in the horizontal, vertical-u p and vertical - down

positions, the focused beam was directed horizontally into the weld seam Filler
wire was introduced into the trailing edge of the weld pool just behind the beam

i npi ngenent point. An entrance angle of about 45° to the material surface
found to pronote a smooth fillet.

A tabul ation of significant test points is presented in Table |. Additional
butt weld tests were also conducted in I/2-inch-thick material spaced at 3/32 inch.

Wthin the scope of the tests conducted during this program effective |aser welding
procedures were not established for this w de gap.

Di scussion of Experinental Results

A, Flat Position Butt Welds

The objective of this test series was to evaluate the effects of non-ideal
joint conditions on laser butt welds. Toidentify the effects of joint gap, mating
edges were initially machined square and parallel. Spacing shims were inserted at
each end of the seam between the mating surfaces to provide the desired gap.

Initially, as noted in Table |, a tapering gap from O-5% (0-.025 inch) of the
material. thickness was explored. |t was found that a sound direct butt weld with-
out filler could be made with a gap to 2% (.01 inch) of the plate thickness. A gap
greater than 2% but |ess than 3% of the thickness produced an underfilled weld.

Wth a gap exceedhg 3% (.015 inch) of the thickness, the beam passed through the
joint with essentially no fusion taking place. Although there was a slight carry-
over of fused material when the weld proceeded fromthe zero gay side, these results
were not nmarkedly affected by weld direction. |t is to be concluded that |aser
welds in |/2-inch-thick material spaced by nore than 0.01 inch require filler addi-
tion for generation of sound weld geonetry.

In contrast to its sensitivity to joint gap, |aser welding was found to be
relatively tolerant to surface msmatch. Sound bead profiles were obtained with
surface msmatch from o-5% of the material thickness. Such welds, made between
close-fitting machined surfaces, exhibited good root and face bead reinforcenent.

Further, the edge of the protruding surface was consumed during the wel ding process,

thereby tending to smooth over the mismatch. |t is anticipated that severe ms-
match will result in reduction of the depth of the weld interface, but that effec-
tive laser welding will. still be possible.




In view of the strong influence of joint gap on weld characteristics, attention
was directed to this factor. A 1/64 inch gap, the spacing at which joint underfil
vas fetid to occur, vas initially investigated. As shown in Fig. 1, conditions were
readily established for dealing with this gap. A sound weld was formed at 10 kW
and 20 ipm using a nodest fiII of 100 i pm of 0.035-inch-diameter wire. It is noted
that the volune of the g .0075 in.%/in) was about 60% greater than the vol une
of wire added (.005 in. /|n ) indicating some |ateral plate shrinkage

Al though slight difficulty was experienced with a 1/32 in. gap, desirable

wel ding conditions were established. As noted in Fig. 2, for a representative weld,
wel d parameters were the sanme as for a 1/64 in. gap except that 0.045-in.-dia wire
was used. The bead has a smooth, tapering ooss section. Again as with the

1./64 inch gap, the volune of wire added was |ess than the volume of the initial gap
In this regard, it should be noted that the gap spacing was facilitated by small
shins located at the two ends of the weld sanple. The center section of the weld

region was therefore free to contract. Additional filler may be required under
conditions of high panel restraint; this should not present difficulty for 1/64 and
1/32 in gaps.

Substantially nore difficulty was experienced with a 1/16 inch gap. For this
condition the focused beam dianeter (-0.035 inch) is smaller than the width of the
openi ng. Under these conditions the beam tends to pass through the panels w thout
initiating fusion. By slightly favoring one side of the weld (Fig. 1) or by
inclining the beamslightly relative to the face of the mating surfaces, it was
possible to initiate fusion and establish reasonably sound welds. A I-/16-inch-
diameter wire was found to be convenient for this condition.

Attenpts to formsound [aser welds in gaps broader than 1/16 inch were not
successful within the scope of this program Tests with wire addition with a
3/32 inch gap were unsatisfactory. Simlarly, attenpts to use preplaced powder
filler failed. 1In this case, violent material eruptions occurred, yielding porous
wel ds. Since gaps to 1./8 inch are common in shipyard applications, additional
devel opment of laser welding techniques for such conditions is required.

Additional tests in 1/2 inch material denonstrated Laser weldin g applicability
to plasma-arc-cut surfaces. For plasna-are-cut sanples, a sinple wire-brushhg to
remove cut slag was adequate weld prep. Due to the nonperfect fitup, filler
material was required to prevent joint Underfill. Local gaps exceeding 1/16inch

were tolerable provided the surfaces were generally in contact along the length of
the wel d.

B. Vertical Position Tee Wl ds

Since many shipyard welds are formed out of position, tests were conducted to
eval uate the laser’'s applicability under such conditions. My O the OUt-Cf-
position applications are for tee joints. Accordingly, |aser welds were formed in
the vertical position in 3/8inch tee configurations as shown in[E[@EZ:%Z§:]




Al'though a full penetration can be obtained in this thickness, dual-pass welds
were utilized. Dual-pass welding provides snooth fillets|(Fig. 5)dnd further
tends to balance thermal effects so that distortion is mnimzed((Fig. 4).] No
difficulty was experienced in formng such welds in either the vertical-up or
vertical -down positions. Tolerance to edge prep conditions was simlar to that for

flat position welding.

Sinple bend tests were performed to provide an indication of tee joint
integrity. As shown in|Fig. 6,|good joint strength was indicated despite the small
fillet reinforcenent. Simce the latter condition inposes higher stress |oading on
the laser weld than on a convention, heavily reinforced, weld in such a bend, the
mechani cal integrity of the laser joints appears to be quite satisfactory.

C. Horizontal-Position Tee Welds

Horizontal -position tee welds were fornmed to dermonstrate the laser’s capability
for joining heavier sections. Sections conprising a 1/2 inch web and a 1 inch
flange were joined using both single- and dual -pass welds. The latter provided
smoother fillet reinforcenent and reduced distortion

The 1/2/ inch tee sections were prepared with tight-fitting surfaces, wth
machi ned surfaces gapped by 1/32 inch, and with wre-brushed or machi ne-sanded,
plasma-arc-cut mating edges. “Sound weld beads were formed under all conditions,
provi ded that adequate filler material was provided.

In addition to the 1/2/1 inch tees, 1/1 inch tees were also joined in the
horizontal position. An edge prep as shown in[Fig. 7was used. The beam was
directed at 5°to the flange surface. Filler wire was directed into the trailing
edge of the molten pool at an angle of approximately 45° to the surfaces.

The weld cross section shown in Fig. 7indicates good joint integrity. Ful
fusion of the entire seam was obtained with good tie-in to both nmenbers. This
result is inportant in that it denonstrates the capability for adding sufficient
filler to substantially nmodify weld zone chemistry.

CONCLUDI NG REMARKS

The work described represents an initial step toward devel oping |aser welding
procedures for practical shipyard applications. The process has been shown to be
sanewhat tolerant to joint gap, to msmatch, to out-of-position conditions and to
plasna-arr-cut weld prep. Further, the ability to add substantial filler (relative
to the volume of the fusion zone) has been denonstrated.



Wth further development, it is anticipated that the gap tolerance for |aser
wel ding of I/2-inch-thick material can be increased from1./16 to 1/8 inch. Devel
o S : el op-
ment of such capability would significantly enhance the potential for |aser welding
for ship construction.
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TABLE |

SUWMARY OF PRI NCI PAL TESTS

A, Butt Welds in 1/2-in. Plate

Power, kW el d Speed, ipm Wre feed, ipm Test Description Coment
11 30 Bead on Plate (BOP) Heavy Penetration (HP)
& Drop Thru (DT)
10 35 Bead on Plate (BOP) I nconpl ete Penetration (IP)
11 32.5 BOP (Al Paint on Surface) No | nprovement Due to Al
10 30 0- 5% 02% GAP - K
(of MATL Thickness) gap 2-3% GAP - Underfill (UF)
3-5% GAP - No Fusion
10 25 O 5% gap (IP) - No Change
(Qut of Focus) In Tolerance to gap
10 30 O 5% surface M smatch Good Bead Profile
10 25 O 5% Surface M smatch Good Bead Profile
10 25 60 | /64-in. gap Good Bead Profile

(.035 in. NS-102)

10 20 100 | /64-in. gap Excel | ent Bead Appearance
(.035 in. NS-102)

12 20 300 | /32-in. gap Underfill (UF)
(.035 in. NS-102)



01

11

12

13

14

15

16

17

18

19

20

12

12

12

12

12

12

12

15

15

15

kW

Power ,

out - of - f ocus

TABLE | (Continued)
Wl d Speed, ipm Wre feed, ipm Test Description
20 400 | /32-in. gap
(.035 in. NS-102)
20 400 | /32-in. gap
(.035 in. NS-102)
20 100 | /32-in. gap
(.045-in, NS-102)
35 300 |/16-in. gap
(.045-in. NS-102)
30 600 | /16-in. gap
(.045-in. NS-102)
30 600 | /16-in. gap
(.045-in. NS-102)
30 500 |/16-in. gap
(.045-in, NS-i02)
25 150 | /16-in. gap
(.062 E70-T-1)

25 250 | /16-in. gap
(.062 E70-T-1)

20 300 |/16-in. gap
(.062 E70-T-1)

Comment

Uneven Bead

I nconpl ete Penetration

Good Bead Profile
Ful | Penetration
Underfill ed

Broad Top Bead, IP

H gh Bead Crown, IP

Underfill ed
Underfill ed
Slight UF, IP

Good Penetration, UF



No.

21

22

23

24

25

26

27

28

15

15

12.

12.

12.

14

14

14

Power, kW Vel d Speed,

TABLE |

Wre feed, ipm

(Cont i nued)

Test Description

25

35

5 30

5 30

5 30

30

30

30

300 |/16-in. gap
(.062 E70-T-1)
150 | /16-in. gap
(.062 E70-T-1)
900 |/16-in. gap
(.035 NS-102)
Plasma Cut
Machi ne Sanded
90 Plasma Cut
(0.045 in. dia Machi ne Sanded
E705 Wre)
30 Plasma Cut
(.045 in. dia Machi ne Sanded
E705 Wre)
30 Plasma Cut
(0.045 in. dia Machi ne Sanded
E705 Wre)
30 Plasma Cut
(0.045 in. dia Wre Brushed
E705 Wre) 0-1/64 gap

Comment

Irregular Drop Through

Good Bead Profile

Beam I nclined: Centerline
Through Top Corner of One
Edge & Bottom Corner of
Mating Edge. Good Bead.

Irregul ar Bead

| P

Mar gi nal Penetration

CGood Bead

UF in Spots



[A8

30

31

32

TABLE I (Continued)

Power, kW Weld Speed, ipm Wire feed, ipm
15.2 25 125
(0.045 in. dia
E705 Wire)
10 25 -
10 40 -
10 60 -

Test Description

Plasma Cut
Wire Brushed
0-1/64 gap

Plasma Cut

Wire Brushed

v 1/32 in. gap
Seam Filled

With Powder Metal

Plasma Cut, Wire
n 1/32 in. gap

Seam Filled With
Metal, Dual Pass

Plasma Cut, Wire
n 1/32 in. gap

Seam Filled With
Metal, Dual Pass

Brushed

Powder

Brushed

Powder

Comment
Heavy Top Bead Reinforcement

Good Penetration

Erratic Interaction,
Spatter, lloles, Etc.

Falr-Porosity
Evident

Spatter,
Porosity



€1

No.

B.

TABLE |

(Conti nued)

3/8-in. Tees-Vertical-Up and Down Positions

Power, kW Wl d Speed, ipm
12.5 60
12.5 90
12.5 60
12.5 60
10 75
10 75
10 75
10 75
7 40

Beam Angl e

To Fl ange,

Deg

15

15

10

Test Description

Tight Fitup
Vertical UP (W)

Ti ght
Verti cal

Fitup
UP (W)

Tight Fitup
Vertical UP (W)
Beam Spot Slightly
Favoring Wb

0.2 1in.
(W

A Paint Added

out of focus

Spot Favoring Wb,
Vertical Down (VD)

Git Blast
Plasma Cut Surface - (W)

Base of Wb
Sanded, (W)

Dual Pass - (W)

Commrent

Beam Penetrat ed
Into Flange

Beam Penetrat ed
Into Flange

| nproved

Full Penetration
Good Fillet Front
Fair Fillet at Back
Good Bead

Full Penetration
One Blow Hole in
8-in. Wld

Front Bead K -
Back Bead Heavily
Oxi di zed

Good



71

No.

10

11

12

13

14

7

Power, kW Wl d Speed, ipm

40

40

30

30

40

TABLE |

Beam Angl e

To Fl ange,

Deg

8

(Conti nued)

Test Description

Dual Pass - (W)
80 ipm .035-in. dia
NS-102 Wre

Dual Pass - (W)
80 ipm .035-in. dia
NS-102 Wre

| /32-in. gap
150 ipm .035-in.
dia NS-102 Wre

0002 gap -

(W), 100 ipm

.035-in. dia NS-102 Wre
Dual Pass

Tight Fitup

Vertical Down

Comrent

Good Fill et
| nadequat e
Penetration

K

Fair

Good

Good Bead



FIG 1

LASER VELD IN SHI P STEEL

(1/64) IN JONT GAP)

LASER POWER: 10 kW
WELD SPEED: 20 ipm
WIRE: 0.035 IN. NS-102

WIRE SPEED: 100 ipm

MATERIAL THICKNESS: 1/2 IN.

19-12-79-4



FHG 2

LASER WELD IN SHIP STEEL

(1/32)IN. JOINT GAP)

LASER POWER: 10 kW
WELD SPEED: 20 ipm

WIRE. 0.045 IN. NS-102

WIRE SPEED: 100 ipm

MATERIAL THICKNESS: 1/2 IN.

79-12-79-2



FG 3

LASER WELD IN SHIP STEEL
(1/16) IN. JOINT GAP)

LASER POWER: 15 kW
WELD SPEED: 35 ipm
WIRE 1/16 IN. AWS-E-70-T-1

WIRE SPEED: 150 ipm

MATERIAL THICKNESS 1/2 IN.

79-12-79-3



FIG. 4

LASER TEE WELD CHARACTERISTICS

LASER POWER: 6kW
WELD SPEED: 40 ipm
NO. PASSES: 2

WELD POSITION: VERTICAL UP

MATERIAL THICKNESS: 3/8 IN.

79-12-79-5



FIG. 5

LASER TEE WELD CHARACTERISTICS

LASER POWER: 6kW
WELD SPEED: 40 ipm
NO. PASSES 2

WELD POSITION: VERTICAL UP

MATERIAL THICKNESS: 3/8 IN.

79-12-79-1



FIG. 6

LASER TEE WELD BEND TEST SPECIMEN

LASER POWER: 6 kW

WELD SPEED: 40 ipm

NO. PASSES: 2

WELD POSITION: VERTICAL UP

MATERIAL THICKNESS: 3/8 IN.

79-12-79-6



FIG. 7

TEE WELD WITH FILLER

LASER POWER: 13 kW

WELD SPEED: 30 ipm

WIRE SPEED: 300 ipm

WELD POSITION: HORIZONTAL

WELD CROSS SECTION

1IN.

/110 deg.

0.25 IN.

WELD JOINT PREP

79-12-105-1
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